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Edited by Ulrike KutayAbstract Both amyloid-prone cystatin and unstable mutant
C94A lysozyme were secreted in wild-type and Deps1 Saccharo-
myces cerevisiae cells. Amyloid-prone cystatin secreted at much
higher level in Deps1 cells than that in wild-type yeast. In paral-
lel, the secretion amount of disulﬁde bond disrupted mutant
C94A lysozyme greatly increased in Deps1 cells although that
was apparently low in wild-type yeast cells compared with the
secretion amount of wild-type lysozyme. It is interesting that nei-
ther the unstable mutant C94A lysozyme nor amyloid-prone
cystatin secreted in Deps1 cells maintained their speciﬁc activi-
ties. These observations lead to the supposition that yeast cells
deﬁcient for the protein disulﬁde isomerase-family-member
EPS1 locus secrete more of labile disulﬁde-containing model
proteins.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The endoplasmic reticulum (ER) is a factory where secre-
tory proteins are manufactured, and where stringent quality
control systems ensure that only correctly folded proteins
are sent to their ﬁnal destinations [1]. Misfolded proteins in
the ER are retrotranslocated to the cytoplasm and degraded
by proteasomes through a mechanism known as ER-associ-
ated degradation (ERAD) [2,3]. Molecular chaperones have
been suggested to participate in substrate selection for ERAD
[4–6]. Recently, it has been reported that multifunctional pro-
tein disulﬁde isomerase (PDI), with oxidoreductase activity
[7] as well as chaperone activity [8,9], also participates in rec-
ognition of some ERAD substrates [2,10,11]. The genomic
analysis of yeast Saccharomyces cerevisiae showed that the
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doi:10.1016/j.febslet.2005.03.019to ﬁve: Pdi1, Mpd1, Mpd2, Eug1, and Eps1 [12]. Although
other members of the yeast PDI family are ER luminal pro-
tein, only Eps1p is a transmembrane protein in the ER.
Wang and Chang [13,14] has demonstrated that Eps1p played
a crucial role in quality control to membrane protein Pma1p
that does not contain disulﬁde bridges. On the other hand,
our group has reported that calnexin also acts as a mem-
brane-bound chaperone in yeast to perform the function of
ER quality control and that disruption of calnexin gene leads
the organism to suﬀer the over-expression of misfolded gly-
cosylated proteins [15]. Therefore, it would be interesting to
investigate whether EPS1 gene is important on secretion of
those proteins which have disulﬁde bridges.
To further evaluate the eﬀect of EPS1 gene deletion on the
folding and secretion of misfolded proteins, ideal model pro-
teins are required. The hen lysozyme has four disulﬁde bonds
namely, Cys6/Cys127, Cys30/Cys115, Cys64/Cys80, Cys76/
Cys94. These four disulﬁde bonds play an important role in
folding and stability of lysozyme. Taniyama et al. reported
that only the disulﬁde bond Cys77/Cys95 in human lysozyme
among four disulﬁde bonds could be cleaved without inﬂuenc-
ing its lytic activity. Importantly, they suggested that, by re-
moval of this disulﬁde bond, three-dimensional structure
partially became unstable with enhanced ﬂexibility of the pro-
tein [16]. Similarly, the cross-linkage of disulﬁde bridge (C76–
C94) of hen lysozyme is also important for the promotion of
folding, because it is an indispensable constraint on the way to-
wards the folding transition state [17]. Our previous research
reported that the secretion amount of unstable disulﬁde bond
disrupted mutant C94A hen lysozyme was lower than that of
wild-type [18]. These ﬁndings suggest that the misfolded unsta-
ble foreign proteins were retained in the ER and were degraded
through ERAD pathway, as a result, only correctly folded pro-
tein seems to be transported to Golgi apparatus and secreted
from S. cerevisiae. Thus, the mutant C94A lysozyme was cho-
sen as a model protein to compare secreted amounts versus
speciﬁc activity in either wild-type and EPS1 deleted (Deps1)
yeasts.
We had previously reported that the secretion amount of
the amyloidogenic lysozyme greatly increased in calnexin dis-
rupted S. cerevisiae, while the secretion was very low in the
wild-type strain, indicating the importance of calnexin in the
ER quality control system for amyloidogenic proteins [15].
Cystatins were the ﬁrst amyloidogenic proteins to be shown
to oligomerize through a 3D domain swapping mechanism
[19]. Human cystatin C is associated with cerebral amyloid
angiopathies (CAA), a disease in which the deposition ofblished by Elsevier B.V. All rights reserved.
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stroke [20,21]. Chicken cystatin also showed the polymer-
forming tendency within the pathway of amyloidosis [19].
Thus chicken cystatin, the chicken homologue of human
cystatin C, was chosen as the other protein model for
assessment of the inﬂuence of EPS1 gene deletion on secre-
tion and folding of heterologously expressed proteins in
S. cerevisiae.2. Materials and methods
2.1. Materials
Restriction endonucleases, T4 DNA ligase, Pyrobest DNA polymer-
ase, DNA sequencing kit and mRNA-selective PCR kit were pur-
chased from Takara Shuzo (Japan). The RNeasy mini kit was
purchased from Qiagen K.K., Japan. The pT7 Blue T-vector was pur-
chased from Novagen Merck (Germany). The QuickChangee site-di-
rected mutagenesis kit was purchased from Stratagene (USA).
Synthetic oligonucleotides were purchased from Kurabo (Osaka, Ja-
pan). The DNA sequencing was carried out using a Thermo Sequenase
Core sequencing kit from Amersham Japan. Micrococcus lysodeikticus
cells for enzymatic activity assay of lysozyme were from Sigma. CM-
Toyopearl resin was a product of Toso (Tokyo, Japan). Sephadex
G-75 Superﬁne resin was purchased from Pharmacia (Sweden). All
other chemicals were of analytical grade for biochemical use.
2.2. Strains and plasmids
Escherichia coli XL-1 blue (recA1, endA1, gyrA96, thi-1, hsdR17,
supE44, and lac (F0 proAB, lacIqZDM15, and Tn10 (Tetr)c)), supplied
by Amersham Japan, was used as host cells in cloning experiments.
The S. cerevisiae haploid strain F1105 (MATa ura3-1 leu2-3,
112his3-11 trp1-1 ade2-1 can1-100) and WQY1 (Deps1::HIS3 F1105
background) were provided by Amy Chang, Albert Einstein College
of Medicine, USA [14]. The pPICZaA expression plasmid vector
was purchased from Invitrogen. pYG100, an E. coli-yeast shuttle vec-
tor, was provided by Dr. K. Matsubara of Osaka University. The re-
combinant plasmid pKK-1, which contains a full-length hen egg-
white lysozyme cDNA, was provided from Dr. I. Kumagai, Tohoku
University [22].
2.3. Construction of S. cerevisiae expression plasmids of chicken cystatin
and the wild-type as well as mutant C94A hen lysozymes
Total RNA was isolated from chicken oviduct using an RNeasy
mini kit. A DNA fragment encoding chicken cystatin was prepared
from total mRNA by two step RT-PCR using mRNA-selective PCR
kit. For the insertion into the S. cerevisiae expression vector, the cyst-
atin cDNA fragments was inserted into pT7Blue T-vector, following
ligation with pPICZaA expression plasmid vector to incorporated
the S. cerevisiae a-factor secretion signal. Then the cystatin cDNA
fragment containing SalI site on both ends was ﬁnally inserted into
the SalI site of pYG100, which is the expression plasmid of wild-type
and Deps1 S. serevisiae. On the other hand, the wild-type and mutant
hen lysozyme cDNA fragments were inserted into the SalI site of
pYG100 in the same way. At last, the expression vectors containing
both lysozyme and cystatin cDNAs were transformed in S. cerevisiae
cells using the Liac/SS Carrier DNA/PEG method [23].
2.4. Quick change site-directed mutagenesis
Quick change site-directed mutagenesis of lysozyme cDNA was
carried out using PCR method as follows: Template lysozyme
DNA (50 lg), Pyrobest DNA Polymerase (0.5 ll:5 U/ll), Pyrobest
reaction buﬀer (5 ll) and dNTP mixture (1 ll:2.5 mM) were used in
PCR reaction. DpnI (1 ll:10 U/ll) was used for the digestion of tem-
plate DNA. Synthetic oligonucleotide primers for mutant C94A lyso-
zyme are 5 0-AGC GTG AAC GCC GCG AAG AAG-3 0 (sense) and
5 0-CTT CTT CGC GGC GTT CAC GCT-3 0 (antisense) for sense
and antisense primers, respectively. E. coli XL-1 blue competent cells
were used for the ligation of PCR products. After PCR, the methyl-
ated parental DNA template was digested with DpnI for 2 h at 37 C
and then the reaction mixture containing DNA with the designedmutation was transformed into E. coli XL-1 blue cells to repair the
nicked DNA. These colonies were selected by LB agar plate with
50 lg/ml of Carbenicillin. The mutations were conﬁrmed by DNA
sequencing determination.
2.5. Expression of the wild-type and mutant lysozymes as well as chicken
cystatin
The expression vectors pYG100 carrying wild-type and mutant
lysozyme cDNAs as well as chicken cystatin cDNA were transformed
into wild-type S. cerevisiae (F1105) and Deps1 S. cerevisiae (WQY1)
by the Liac/SS carrier DNA/PEG method. The strains with over-
expressing proteins were screened and propagated from single colo-
nies inoculated into 3 ml of yeast minimal medium and incubated
for 3 days at 30 C with shaking. This preculture was subcultured
into 100 ml of the same medium in a ﬂask (500 ml) and incubated
for another 2 days at 30 C with shaking, and then 10 ml of the sec-
ond preculture was transferred to a fresh 1 L same medium in a 3 L
ﬂask and cultured in same conditions.
2.6. Puriﬁcation of the wild-type and mutant lysozymes as well as
chicken cystatin
The growth medium of the host cell was centrifuged at 7000 rpm for
15 min at 4 C. The supernatant was applied to a CM-Toyopearl
650 M column (1.5 · 5.0 cm) equilibrated with 50 mM Tris–HCl buﬀer
(pH 7.5), and then the adsorbed proteins were stepwise eluted using the
same buﬀer containing 0.5 M sodium chloride [24]. The fraction con-
taining the protein was collected and dialyzed against deionized water
to remove salt at 4 C for 1 day. The puriﬁed protein was lyophilized
and used to prepare the solution for the experiments.
For puriﬁcation of recombinant amyloid-prone cystatin, the cultiva-
tion medium was ﬁrst centrifuged at 3000 · g for 10 min to remove the
cells. The supernatant were centrifuged at 11900 · g for 40 min to col-
lect the insoluble protein aggregates and then the supernatant was frac-
tionated in various ammonium sulfate concentrations to separate
monomer, dimer and polymer forms of cystatin. The precipitated pro-
teins after the addition of various concentration of ammonium sulfate
were collected by centrifugation at 11900 · g for 40 min, the precipi-
tate was dissolved in 5 ml of phosphate buﬀer (50 mM, pH 7.0). The
samples dissolved from the precipitation step were diluted and applied
to a CM-Toyopearl column. The adsorbed recombinant cystatins were
eluted with a gradient manner using 0–0.5 M sodium chloride in
20 mM Tris–HCl buﬀer, pH 7.5. The fraction containing the protein
was collected and dialyzed against deionized water to remove salt at
4 C. In order to further purify the monomer form of recombinant
cCs, the solution was applied to Sephadex G-75 superﬁne column
(3 cm · 100 cm) equilibrated with 20 mM Tris–HCl buﬀer (pH 7.5)
containing 0.2 M sodium chloride, 0.01% BRIJ35 and 0.02% sodium
azide. Finally, the protein content in each fraction was determined by
measuring the absorbance at 280 nm.
2.7. SDS–polyacrylamide gel electrophoresis
SDS–polyacrylamide gel electrophoresis (PAGE) was conducted
according to the method Laemmli [25] using 15% acrylamide separat-
ing gel and 5% stacking gel containing 1% SDS. Samples were heated
at 100 C for 5 min in Tris–glycine buﬀer (pH 6.8) containing 1% SDS
or 3% SDS (for Western blotting of mutant C94A lysozyme secreted in
Deps1 cells) and 1% 2-b-mercaptoethanol or increased concentration
(5%) to exclude possible oligomerization due to intermolecular disul-
ﬁde bond formation. Electrophoresis was carried out at a constant cur-
rent of 10 mA for 5 h using an electrophoretic buﬀer of Tris/glycine
containing 0.1% SDS. After electrophoresis, the gel sheets were stained
for protein and carbohydrate with 0.025% Coomassie brilliant blue R-
250 solution. Densitomeric measurement of the wild-type and mutant
lysozymes was performed with a GS-700 imaging densitometer (Bio
Rad, California, USA).2.8. Measurement of lysozyme activity
The lytic activity of lysozyme was determined according to the tur-
bidimetric method [26] by a lysis of M. lysodeikticus (M. luteus) cells.
The lyophilized M. lysodeikticus cells were suspended in 100 mM
citrate-phosphate buﬀer (pH 3.0–7.0) or sodium phosphate buﬀer
(pH 8.0). A 100 lL aliquot of lysozyme solution (40 lg/ml) was added
into a 2.4 ml cell suspension (170 lg/ml). The initial decrease in the
Fig. 1. Eﬀect of EPS1 gene deletion on growth of S. cerevisiae. (a)
Wild-type strain (solid circles and dashed lines) and Deps1 strain (solid
triangles and solid lines) were incubated at 30 C in YPD medium for
the periods indicated. (b) Wild-type S. cerevisiae transformed with
wild-type lysozyme expression vector (opened triangles), Deps1 S.
cerevisiae transformed with wild-type lysozyme expression vector
(asterisk), Wild-type S. cerevisiae transformed with C94A lysozyme
expression vector (opened squares) and Deps1 S. cerevisiae trans-
formed with C94A lysozyme expression vector (opened diamonds)
were incubated at 30 C in YPD medium for the periods indicated. (c)
Wild-type S. cerevisiae transformed with chicken cystatin expression
vector (opened circles), Deps1 S. cerevisiae transformed with chicken
cystatin expression vector (plus) were incubated at 30 C in YPD
medium for the periods indicated. The growth curves were drawn by
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odeikticus cells was measured at 20 C for 1 min with a Hitachi
U-2000 spectrophotometer (Hitachi, Tokyo, Japan). A decrease of
0.001 is deﬁned as one unit of lytic activity.
2.9. Western blotting
After 15% SDS–PAGE, protein bands were transferred to a polyvi-
nylidene diﬂuoride (PVDF) membrane for 1 h at 100 mA in blotting
buﬀer (20 mM glycine, 25 mM Tris, and 20% methanol). Subsequently,
non-speciﬁc binding sites were blocked by immersing the PVDF mem-
brane in 0.05% Tween 20 in phosphate buﬀer (PBS) containing 1% BSA
for 1 h at room temperature on an orbital shaker and then exposed to
rabbit anti-hen lysozyme or anti-chicken cystatin antiserum (1 · 104 in
0.05% Tween 20) in Tween–PBS for 1 h at room temperature. The
membrane was further exposed to anti-rabbit peroxidase conjugate
(1 · 104 in Tween–PBS) for 1 h at room temperature. Immunodetec-
tion of recombinant lysozymes or cystatins was carried out with an
ECL-Plus kit (Amersham Pharmacia Biotech, UK). The chemilumines-
cence intensities associated with the various protein bands were deter-
mined by exposing the ﬁlter to X-ray ﬁlm with Hypercassette.
2.10. TOF-MS
TOF-MS analysis was performed using Voyager DE/PROJ
(Perseptive Biosystems, USA). The matrix, 3,5-dimethyl-4-hydroxc-
iammic acid (sinapic acid), was dissolved in reaction solution contain-
ing equal volumes of acetonitrile and 0.1% TFA for recombinant
chicken cystatins. The sample concentration was 1.5 mg/ml for cysta-
tin multimers.
2.11. Inhibitory activity of recombinant chicken cystatin
Methods used for active site titration and determination of equilib-
rium constants for dissociation (Ki) of complexes between cystatin and
papain have been reviewed in detail [27]. Cysteine protease inhibitory
assay was performed using papain as the target enzyme and Z-Arg-
Arg-NNap as its substrate with some modiﬁcations, the active concen-
trations of recombinant cystatins secreted in both wild-type and Deps1
S. cerevisiae were determined by titration with papain. The papain was
previously active site-titrated using L-3-carboxy-2,3-trans-epox-
ypropionylleucylamido(4-guanidino)-butane (E64). The assay buﬀer
was 73 mM sodium phosphate, pH 6.0, containing 2 mM cysteine
and 1 mM EDTA to activate the enzyme. The absorbance of the
cleaved 2-naphthylamine was measured at 520 nm in a Hitachi U-
2000 spectrophotometer.
The inhibitory activity against papain was also determined by sub-
strate SDS–PAGE [28]. A 15% polyacrylamide gel containing 0.1%
w/v casein was used for the activity assay. 0.5 lg of sample protein
was applied to each well of the gels. After electrophoretic running, gels
were prewashed with 2.5% Triton X-100 at least two times for 30 min
to remove SDS and then incubated in 0.10 M phosphate buﬀer con-
taining 2 mM cysteine, 1 mM EDTA, pH 6.0, and papain (0.01 mg/
ml) at 40 C for 150 min. Cystatin activity was stopped by staining
solution, 0.01% Coomassie brilliant blue, 40% methanol, and 10% ace-
tic acid.following the turbidity at OD 660 nm. Values are the means of three
measurements.3. Results
3.1. EPS1 gene deletion does not lead to the signiﬁcant growth
defect on S. cerevisiae
The eﬀect of EPS1 gene deletion on the growth of S. cere-
visiae was investigated. As shown in Fig. 1(a), although the
growth curve of Deps1 strain showed a longer lag-phase and
a slightly lower turbidity of ﬁnal OD 660 nm in comparison
with that of the wild-type strain, Deps1 did not lead to sig-
niﬁcant defects in cell viability. We further investigated the
growth of both wild-type and Deps1 strains transformed
with expression plasmids. Similarly, Deps1 did not cause de-
fects on cells viability in those strains (Fig. 1(b) and (c)).
These results suggest that the deletion of the EPS1 gene
does not lead to major eﬀects at the level of growth.3.2. Unstable mutant C94A lysozyme was secreted in Deps1 cells
with high amount but with signiﬁcantly decreased speciﬁc
activity
Although attempts to detect the lysozymes retained in the
cytosol were made, no lysozymes had been detected in the
cytosol since lysozyme consists of a secretion signal sequence
and folds in the ER (data not shown). Intracellular detection
of lyzosymes suggested that most of the lysozymes were se-
creted outside the yeast cells. Thus the expression amount of
the lysozymes can be estimated by measuring the content in
the yeast culture medium. The expression level of wild-type
and unstable mutant C94A lysozyme was shown in Fig.
2(a). There was no remarkable diﬀerence in the secretion
amounts of wild-type lysozyme secreted in wild-type and
Fig. 2. Comparison of secreted amounts versus speciﬁc activities of
wild-type and mutant C94A lysozymes in either wild-type or Deps1 S.
cerevisiae. (a) The secreted amount of wild-type and mutant C94A
lysozyme (Lz) expressed in the wild-type (white columns) and Deps1
(black columns) S. cerevisiae. (b) Lytic activity of wild-type and
mutant C94A lysozyme expressed in the wild-type (white columns) and
Deps1 (black columns) S. cerevisiae. Decrease in turbidity at 450 nm of
M. lysodeikticus cell suspensions in 2.4 ml of 100 mM buﬀer (pH 8.0)
was monitored in the presence of 1.6 lg/ml lysozyme at 20 C. A
decrease of 0.001 is deﬁned as one unit of lytic activity. The vertical
bars indicate the standard deviation (n = 3).
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on the secretion of stable wild-type lysozyme in the yeast
strains. Notably, the secretion amount of mutant C94A lyso-
zyme was very low in wild-type S. cerevisiae, whereas it was
greatly increased in Deps1 S. cerevisiae strain, indicating the
eﬀect of the EPS1 gene deletion on secretion of the mutant
lysozyme.
The enzymatic activities of puriﬁed lysozymes were mea-
sured by turbidimetric assay based on the lysis of M. lys-
odeikticus cells. It has been previously reported that only the
disulﬁde bond Cys77/Cys95 in human lysoyme among four
disulﬁde bonds could be cleaved without aﬀecting its lytic
activity [16]. Likewise, our results also showed that the lytic
activity of mutant C94A lysozyme secreted from wild-type S.
cerevisiae strain was similar to that of wild-type lysozyme
(Fig. 2(b)), indicating that disruption of disulﬁde bond be-
tween cysteine 94 and 76 does not cause the loss of lytic activ-
ity. However, much lower enzymatic activity was observed in
the mutant C94A lysozyme secreted from Deps1 strain com-
pared with the activities of either wild-type lysozyme secreted
in Deps1 strain or C94A secreted in wild-type S. cerevisiae
strain (Fig. 2(b)). This result suggested that when wild-type
and mutant C94A lysozymes were secreted in wild-type S. cere-visiae, only correctly folded proteins can be released from the
ER of wild-type S. cerevisiae. By contraries, when mutant
C94A lysozyme was secreted in Deps1 cells, the unfolded and
misfolded proteins could be secreted out of the EPS1 deleted
yeast cells.
3.3. Increased secretion amount but decreased inhibitory activity
of amyloid-prone cystatin was observed in Deps1 strain
compared with that secreted in wild-type S. cerevisiae
To compare secretion amounts versus speciﬁc activities of
diﬀerent substrates in either wild-type or Deps1 strain, a sec-
ond substrate protein, amyloid-prone chicken cystatin, which
has two disulﬁde bridges, was also tested. Expressed cysta-
tins were targeted to the secretory pathway due to the exis-
tence of a-factor secretion signal sequence. The secretion of
recombinant cystatins was carried out for 3 days cultivation
when the secretion amount was the maximum. Analogously,
as shown in Fig. 3(a), the secretion amounts of amyloid-
prone cystatin in Deps1 strain was in a similar manner as
that of the unstable mutant lysozyme. Since the secreted re-
combinant cystatin can be collected as both insoluble and
soluble contents, by combining the soluble and insoluble
secretion amounts, it is intriguing to observe that the secre-
tion amount in Deps1 strain was about ﬁve times the secre-
tion amount in wild-type strain. Thus it was conﬁrmed that
the deletion of EPS1 gene in S. cerevisiae resulted in
enhancement of the secretion amounts of the heterologously
expressed unstable proteins.
To determine and compare the functional activity between
the recombinant cystatins secreted in wild-type and those in
Deps1 cells of S. cerevisiae, monomeric recombinant cystatins
puriﬁed by two-step ion-exchange/size-exclusion chromatogra-
phy were subjected to inhibitory activity analysis toward pa-
pain. Equilibrium dissociation constants (Ki) of the
complexes with papain were determined by inhibition under
steady-state conditions (Table 1). The recombinant cystatin se-
creted from wild-type S. cerevisiae showed eﬃcient inhibitory
activity against papain with Ki of 2.5 · 1012 M. In contrast,
in the case of the recombinant cystatin secreted in Deps1 S.
cerevisiae, no signiﬁcant inhibition was found comparing with
the recombinant cystatin secreted from wild-type S. cerevisiae,
indicating a weak interaction between the protein and papain
with a Ki value of 18.7 · 1012 M.
Similar result was observed by substrate SDS–PAGE, the
puriﬁed recombinant amyloid-prone cystatin secreted from
Deps1 cells also showed certain level loss of inhibitory activity
in substrate SDS–PAGE. As shown in Fig. 3(c), when mono-
meric recombinant cystatins secreted from both wild-type and
Deps1 cells were applied to each well of the gels in equal
amount, which corresponded to the cystatin samples applied
on SDS–PAGE (Fig. 3(b)), the unhydrolyzed casein bands
stained by Coomassie brilliant blue indicated the existence
of papain inhibitor, thus the active cystatin zones were visu-
alized as intense bands against a clear background on the gel.
Although the soluble monomeric form of amyloid-prone cyst-
atin secreted from wild-type S. cerevisiae remained to be suf-
ﬁciently active, the amyloid-prone cystatin secreted from
Deps1 cells of S. cerevisiae signiﬁcantly decreased its inhibi-
tory activity against papain. This result suggested that when
amyloid-prone cystatin was secreted in wild-type S. cerevisiae,
only correctly folded proteins can be released from the the
ER of S. cerevisiae. In contrast, when amyloid-prone cystatin
Fig. 4. Large amount of multimeric forms of mutant C94A lysozyme
secreted from Deps1 S. cerevisiae. (a) Electrophoretic pattern of
puriﬁed wild-type and mutant C94A lysozyme secreted from S.
cerevisiae. The gel sheet was stained for proteins with Coomassie
brilliant blue. Lane 1, wild-type lysozyme secreted from wild-type S.
cerevisiae; lane 2, wild-type lysozyme secreted from Deps1 S. cerevisiae;
lane 3, mutant C94A lysozyme secreted from wild-type S. cerevisiae;
lane 4, mutant C94A lysozyme secreted from Deps1 S. cerevisiae. (b)
Western blotting with anti-lysozyme polyclonal antibody after resolved
by reducing SDS–PAGE. Samples were heated at 100 C for 5 min in
Tris–glycine buﬀer (pH 6.8) containing 1% SDS or 3% SDS (for
Western blotting of mutant C94A lysozyme secreted from Deps1 cells)
and 1% or 5% 2-b-mercaptoethanol. Lane N, native lysozyme; lanes 1–
4 correspond to the samples in panel a, respectively.
Fig. 3. Comparison of secreted amounts versus inhibitory activities of
amyloid-prone chicken cystatin in either wild-type or Deps1 S.
cerevisiae. (a) The secreted amounts of soluble and insoluble amy-
loid-prone chicken cystatin (cC) expressed in the wild-type (white
columns) and Deps1 (black columns) S. cerevisiae. The vertical bars
indicate the standard deviation (n = 3). (b) SDS–PAGE pattern of
amyloid-prone chicken cystatins secreted in wild-type (lane wild-type
S. cerevisiae) and that secreted in Deps1 S. cerevisiae (lane Deps1 S.
cerevisiae). Lane M, protein marker. (c) Substrate SDS–PAGE pattern
of amyloid-prone chicken cystatin expressed in wild-type (lane wild-
type S. cerevisiae) and Deps1 S. cerevisiae (lane Deps1 S. cerevisiae).
Samples were corresponded to the samples in the SDS–PAGE pattern
of panel b, respectively. Bands of the unhydrolyzed casein indicate the
existence of cystatin. Both SDS–PAGE gel sheet and substrate SDS–
PAGE gel sheet were stained with Coomassie brilliant blue.
Table 1
Equilibrium constants for dissociation (Ki) of the complexes between
papain and diﬀerent recombinant cystatins secreted in either wild-type
or Deps1 S. cerevisiae
Inhibitor Ki (pM) S.D. (pM) n
Native chicken cystatin 2.0 ±0.058 5
Chicken cystatin secreted
in wild-type S. cerevisiae
2.5 ±0.073 5
Chicken cystatin secreted in
Desp1 S. cerevisiae
18.7 ±0.069 6
The standard deviation (S.D.) and number of measurements (n) used
to calculate the mean Ki values given are indicated.
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teins can be secreted possibly by escaping the quality control
system.3.4. Much more multimeric target proteins could be found in
Deps1 cells compared with those secreted in wild-type
S. cerevisiae
The SDS–PAGE pattern (Fig. 4(a)) of wild-type and mu-
tant C94A lysozyme secreted from both wild-type and Deps1
S. cerevisiae revealed that there is considerable amount of
higher molecular weight proteins in addition to the mono-
meric lysozyme in the sample of mutant C94A lysozyme se-
creted from Deps1 strain. After the sample was treated with
2282 J. He et al. / FEBS Letters 579 (2005) 2277–2283high concentration of SDS solution (3%) following Western
blot analysis using rabbit antiserum raised against hen lyso-
zyme, as shown in Fig. 4(b), it is noticeable that most of
these high molecular bands reverted to the monomeric form
of lysozyme, indicating the existence of multimeric forms of
lysozyme in the sample of mutant C94A secreted in Deps1
S. cerevisiae. These bands are detected only in mutant
C94A lysozyme secreted in Deps1 cells, suggesting that the
unstable mutant lysozymes secreted from Deps1 S. cerevisiae
may quickly formed multimers during cultivation or they
may have been secreted as multimers, especially since several
proteins (including Pma1 and cystatin C) are reported to
form multimers intracellular [14,29].
This interesting phenomenon was also observed in the secre-
tion of amyloid-prone cystatin in Deps1 S. cerevisiae. After cul-
tivation of the Deps1 S. cerevisiae transformed with expression
plasmid of cystatin, large amount of insoluble aggregate in
culture medium was collected by centrifugation at 11900 · gFig. 5. Increased amount of multimeric forms of amyloid-prone
chicken cystatin (cC) was secreted from Deps1 S. cerevisiae. (a) SDS–
PAGE pattern of chicken cystatin secreted from wild-type and Deps1
S. cerevisiae. The gel sheet was stained for proteins with silver stain kit
wako (a). (b) Western blotting with anti-cystatin polyclonal antibody
after the samples were resolved by reducing SDS–PAGE. Lane M,
protein marker; lane 1, soluble recombinant cystatin secreted from
wild-type S. cerevisiae; lane 2, soluble recombinant cystatin secreted
from Deps1 S. cerevisiae; lane 3: insoluble recombinant cystatin
secreted from Deps1 S. cerevisiae.for 30 min, while such insoluble aggregate amount was much
lower in the culture medium of the wild-type strain trans-
formed with expression plasmid of cystatin. After SDS treat-
ment and boiling, most of the polymer and insoluble
aggregate of amyloid-prone cystatin converted to monomeric
form (the band at approximately 14 kDa) or dimeric form
(the band at approximately 28 kDa) (Fig. 5(a)), it is noticeable
that considerable amounts of dimer and oligomers still re-
mained. Although we further performed SDS–PAGE analysis
of these samples using increased concentration of b-mercap-
toethanol (5%), same result had been obtained as Fig. 5(a)
(data not shown). Therefore, it is unlikely that oligomerization
is due to intermolecular disulﬁde bond formation. The Wes-
tern blotting after SDS–PAGE result conﬁrms that the insolu-
ble aggregate mainly consists of monomer and dimer forms
(Fig. 5(b)). The molecular weights of dimer and monomer of
cystatin were conﬁrmed by TOF-MS analysis, calculating to
be 13283 and 26397 Da, respectively, which are compatible
to those of the native cystatin.4. Discussion
The mechanisms by which various types of misfolded pro-
teins are recognized remain a mystery to be solved. One impor-
tant clue is that their degradation in all cells requires molecular
chaperones, which probably function in substrate recognition
[30–32]. Eps1p had been reported to be a novel ER membrane
protein involved in ER quality control and a recognition com-
ponent of the ERAD pathway [13,14]. Nevertheless, a general
role of Eps1p in ERAD pathway has not been established so
far. In this study, although Deps1 strain of S. cerevisiae showed
a longer lag-phase and a slightly lower ﬁnal OD value in
growth curves, the Deps1 strain of S. cerevisiae was viable
and grew at slightly decreased normal rate. These results indi-
cate that EPS1 gene deletion is not essential for cell viability,
hence, comparison of the secretion amounts versus speciﬁc
activities of unstable foreign proteins secreted in these two
kind of cells can be used for evaluation of the eﬀect of EPS1
gene deletion on secretion and folding of heterologously ex-
pressed proteins.
A major ﬁnding in this study is that the Deps1 S. cerevisiae
exhibited a great increase in the secretion of unstable mutant
C94A lysozyme as well as amyloid-prone cystatin. In contrast,
wild-type lysozyme was secreted at similar levels in both wild-
type and Deps1 S. cerevisiae. Although the evidence of direct
interactions between Eps1p and incompletely folded proteins
were not presented in this study, these results strongly suggest
that the incompletely folded proteins might be retained in the
ER of wild-type S. cerevisiae because of their poor folding
capacity and subsequently led to retrograde translocation, fol-
lowing ubiquitination and the ﬁnal degradation by cytoplasmic
proteasomes. In the Deps1 cells, incompletely folded proteins
may not be recognized for retention and degradation, as a con-
sequence, they are probably exported as ‘‘correctly folded pro-
tein’’. In contrast, stable lysozymes are unlikely to be degraded
due to their stable conformation. Further investigation of the
speciﬁc activity of secreted lysozymes and the inhibitory activ-
ity of secreted cystatin support this proposed model as both
lysozyme and cystatin secreted from Deps1 S. cerevisiae
showed a certain level loss of their activities, indicating the
destabilized conformation of the proteins possibly due to
J. He et al. / FEBS Letters 579 (2005) 2277–2283 2283insuﬃcient ERAD. Moreover, detection of multimeric forms
of unstable mutant lysozyme secreted in Deps1 cells further
conﬁrmed the decreased stability of secreted protein. This
observation was paralleled by a corresponding increase in
insoluble aggregate amount of amyloid-prone cystatin secreted
in Deps1 S. cerevisiae. These observations, combined with that
both substrates investigated in this research contain disulﬁde
bridges in comparison to Pma1p, the substrate that was used
in the initial characterization of Eps1p in quality control
[13], lead to the supposition that the deletion of EPS1 gene
might aﬀect the quality control in the ER of disulﬁde-contain-
ing misfolded proteins.
Our experimental results strongly suggested that Eps1p
might be involved in quality control and/or ERAD mecha-
nisms in S. cerevisiae possibly by retaining misfolded proteins
in the ER for further degradation, thereby resulting in the
small secretion amount of misfolded proteins in wild-type S.
cerevisiae, whereas the remarkably high secretion of labile pro-
teins in Deps1 S. cerevisiae indicates the eﬀect of EPS1 gene
deletion on the quality control system in the ER of yeast cells.
Also, the observation of the diﬀerence between amyloid-prone
cystatin secreted in wild-type strain and that in Deps1 S. cere-
visiae must put new idea to the mechanism of molecular dis-
ease and shed light on the solution for amyloidosis disease
caused by cystatin.
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